Introduction and the Ly-6 antigens of the immune system. A direct evolutionary relationship between lynx1 and the Ly-6/ The correct function of neuronal circuits involves the neurotoxin superfamily of genes (Chang et al., 1997a precise regulation of neurotransmitter receptor action. and 1997b) is supported by primary sequence and gene In addition to classical studies that have identified a structure analyses. lynx1 is highly expressed in several variety of secreted peptides (Matthes et al., 1998) and discrete neuronal populations in the brain, and the distrihormones (Im et al., 1990) that influence receptor activbution of lynx1 binding sites is similar to that of nAChRs. ity, exogenous toxins have been found that bind to and To test whether lynx1 might be functionally homologous regulate the function of specific neurotransmitter recepto the venom toxins, we analyzed its effects on nAChR tors. For example, the snake venom neurotoxins exert responses in Xenopus oocytes. We report that lynx1 their action through high-affinity binding to nicotinic can act as a novel modulator of nicotinic receptors in (Chen and Patrick, 1997) and muscarinic (Jolkkonen et vitro, raising the interesting possibility that lynx1 particial., 1994) acetylcholine receptors (AChRs). The physiopates in a novel mechanism for cholinergic regulation logical relevance of toxin action rests on the idea that in vivo. these molecules have evolved from endogenous genes operating in normal cellular pathways (Ohno et al., 1998) .
Functional homologs to important mammalian signaling
Results molecules, including nerve growth factor (NGF) (Inoue et al., 1991) , 1995a, 1995b) . A characteristic feature of the Ly-6 and This ORF was verified by in vitro translation of the mRNA encoded by GC26 and electrophoretic analysis of the the ␣-neurotoxin proteins is the presence of a cysteinerich consensus motif consisting of an N-terminal leuresulting protein product (data not shown). Analysis of the predicted polypeptide sequence demonstrated that cine/isoleucine, eight cysteines, and a C-terminal asparagine. Alignment of GC26 with the Ly-6 proteins and the GC26 codes for a protein containing an N-terminal signal sequence and a hydrophobic C-terminal domain matchsnake neurotoxins demonstrated that GC26 contains this signature motif ( Figure 2B ). The overall sequence ing the consensus for addition of a GPI anchor (Udenfriend and Kodukula, 1995; Figure 2A ). The N terminus similarity between lynx1 and the Ly-6/neurotoxin gene family, and the conservation of this signature cysteineencoded a consensus signal sequence that was later demonstrated to be functional by transfection of a fusion rich motif, prompted us to name the GC26 polypeptide lynx1 (Ly-6/neurotoxin). construct containing the signal sequence and the mature polypeptide in frame with the hemagglutinin epitope Structural data for members of this superfamily, such as CD59, ␣Btx, and cobratoxin, demonstrate a strikingly (HA). In these cells, mature HA-tagged product was secreted into the culture supernatant (data not shown). similar tertiary structure (Le Goas et al., 1992; Basus et al., 1993; Fletcher et al., 1994), despite their low overall sequence similarity. This is due to the fact that the conserved cysteine residues that constitute the Ly-6/neurotoxin motif are critical determinants in the overall topology of these molecules. The disulfide bonds created by these conserved cysteines create a rigid ␤ sheet core, out of which three variable loops emerge. Conservation within lynx1 of these critical residues suggest that lynx1 is structurally related to the snake toxins and can adopt its receptor binding fold. To test whether or not lynx1 adopts the snake toxin fold, comparative models of lynx1 were built using three different template structures with the snake toxin fold (Figure 2 ). Experimental structures of CD59, ␣Btx, and cardiotoxin were used independently and in combination with each other to produce four different models. The evaluation of the models indicated that all four of them are reliable with a probability of having the correct fold of 0.84, 0.91, 0.93, and 0.94 for the best models based on CD59, cardiotoxin, ␣Btx, and all three templates, respectively. This indicates that the best individual template structure for lynx1 is ␣Btx, have a conserved intron dividing the signal sequence into two exons, and another intron interrupting the mature polypeptide between the third and fourth conserved snake neurotoxin gene and that it is a novel member of cysteine residues. To assess whether lynx1 belongs to this superfamily. the Ly-6/neurotoxin superfamily, we determined the lynx1 gene structure. lynx1 genomic clones were obtained through screening a bacterial artificial chromolynx1 Is Highly Expressed in the Mammalian CNS some library (BAC) of mouse genomic DNA. A lynx1-To gain insight into the potential role of lynx1 in vivo, containing BAC was verified by Southern analysis, we first determined its pattern of expression. Northern subcloned and sequenced, and compared against the blot analyses demonstrated that lynx1 mRNA is highly lynx1 cDNA sequence. As shown, the intron-exon enriched in the brain, although low levels can be deboundaries in the lynx1 gene are located within the putatected in other tissues such as kidney ( Figure 4A ), heart, tive signal sequence and in the region corresponding and thymus (data not shown). Northern blot analyses at to the second loop in lynx1, as previously documented various stages of cerebellar development demonstrate for Ly-6 and cobratoxin genes ( Figures 3A and 3B ). In that lynx1 is expressed at very low levels at birth and addition, several of the mammalian Ly-6 genes have undergoes a marked upregulation between postnatal been independently cloned, and genetic mapping exdays 10 and 20 (Kuhar et al., 1993) . In situ hybridization periments show that many of these family members map to adult brain sections revealed that lynx1 is highly exto the same chromosomal position in the mouse genome pressed in subsets of neurons in multiple brain struc- (Gumley et ( Figures 7A and 7B ). This binding was specific, since purified lynx1 competed the binding of the lynx1/Fc fuWe also compared the distribution of lynx1 protein within this domain to glutamic acid decarboxylase (GAD), sion, and no binding was observed using the Fc fragment alone (Figures 7C and 7D ). The pattern of lynx1 which is highly expressed in presynaptic terminals of inhibitory interneurons. Comparison of GAD distribution binding includes the lynx1-positive subdomain of cerebellar Purkinje cells, as well as interneuron cell bodies with the localization of lynx1 demonstrates lynx1-positive sites in apposition to inhibitory presynaptic termithat do not express significant levels of lynx1. Interestingly, this pattern of binding is similar to the distribution nals, confirming that lynx1 is present in the proximal postsynaptic compartment ( Figure 6F) . lynx1, however, of nAChRs reported in the literature and as assayed by ␣7 nAChR immunoreactivity (data not shown; Domindisplays a much broader distribution than the synaptic regions revealed by GAD staining. Thus, lynx1 protein guez Del Toro et al., 1994). These results strongly suggest that lynx1 can form heterotypic interactions with is maximally expressed in a neuronal subdomain that correlates with the distribution of a defined subset of a CNS receptor, but they do not rule out homotypic interactions between lynx1 molecules on the surface of afferent inputs, but it is not restricted to discrete postsynaptic sites within this subdomain.
lynx1-expressing cells. are their wide and diffuse distribution throughout the fold family of known three-dimensional structure. The alignment on a freezing microtome. The sections were blocked with 10% NGS, 0.05% Triton X-100 in PBS and incubated in anti-lynx1 antiserum was prepared by hand following the pattern of conserved cysteine residues. First, MODELLER-5 derived many distance and dihedral for 1 hr at room temperature at a dilution of 1:8,000 or anti-calbindin antibodies (SWant) at 1:10,000. Antibody binding was visualized angle restraints on the lynx1 sequence from the alignment with the template proteins. One additional restraint was added manually to using the ABC Elite kit (Vector) according to the manufacturer's instructions and reacted with H 2 O 2 /DAB substrate. force a disulfide bridge between cysteine 6 and cysteine 11 in lynx1. Next, these homology-derived spatial restraints and CHARMM-22 energy terms (Brooks et al., 1983 ) enforcing proper stereochemistry Immunofluorescence were combined into an objective function. Finally, the variable target Sections were prepared as above. The lynx1 antiserum was used function procedure, which employs methods of conjugate gradients at 1:2,000 and detected with goat anti-rabbit secondary antibody and molecular dynamics with simulated annealing, was used to conjugated to Cy3 (Jackson Immunochemicals). Double labeling obtain the three-dimensional models by optimizing the objective with anti-GAD was performed at 1:1,000 (Boerhinger Mannheim) and function. In each case, ten slightly different three-dimensional moddetected with goat anti-mouse Cy5 at 1:800 (Jackson Immunochemels were calculated by varying the initial structure. icals). Labeling was imaged on a scanning laser confocal microSince the sequence similarity between lynx1 and the members of scope (Zeiss). the snake toxin fold family is not striking, different members of that family were used as templates. Specifically, CD59 (PDB code 1erg), Affinity Binding Assay ␣Btx (1abt), and cardiotoxin (1tgx) were used individually and in
The lynx1 cDNA corresponding to the mature lynx1 protein with its combination with each other as structural templates. BPTI (6pti), native signal sequence was cloned in frame 5Ј to the Fc portion of another small disulfide-rich protein that does not adopt the snake human IgG (lynx1/Fc). The control used was a secreted, unfused toxin fold, was used as a template to test the ability of the evaluation Fc construct. Constructs were transfected and treated as above, procedure to detect incorrect folds. The reliability of the resulting then concentrated 1:20 in an Ultrafree-Biomax spin column (Millimodels was predicted by a procedure based on statistical potentials pore). The lynx1 fusion protein was normalized against the control of mean force (Sippl, 1993) and using the resulting scores to predict by Western analysis. Binding experiments were performed on 50 the probability that the models have the correct fold by a procedure m vibratome sections of perfused mouse brains (as above). The described by Sá nchez and S ali (1998).
sections were blocked in 10% NGS in PBS, reacted with lynx1/Fc for 1 hr, and washed. lynx1/Fc binding was detected with goat Genomic Analysis anti-human IgG Cy3 at 1:1,000 (Jackson Immunochemicals) and A 1.5 kb fragment of the 3Ј UTR region (GC26-1) was used as a detected by epifluorescence microscopy using a rhodamine filter. probe to screen a BAC library of mouse genomic DNA (Research Pet264 bacterial fusion protein was used for the competition experiGenetics) under stringent conditions (65ЊC, 0.2ϫ SSC, 0.1% SDS). ments (see above). A lynx1 gene-containing BAC clone (BAClynx1-9) was verified by Southern analysis using the GC26-1 and the ORF of lynx1-3 as lynx1 Preparation for Oocyte Recording probes. The BAC was PCR amplified using cDNA-specific primers, The lynx1 cDNA corresponding to the lynx1 mature protein with its subcloned, and sequenced. Genomic sequence was compared native signal sequence and without the GPI consensus sequence against cDNA sequence to verify intron-exon boundaries.
was cloned in frame with the HA epitope, downstream of the CMV promoter (referred to as CMV2611). CMV2611 constructs were Northern Blot transfected into 293T cells, which were cultured for 3 days before Tissue was dissected and frozen in liquid nitrogen; RNA was exsupernatants were harvested. HEPES (5 nM [pH 7.2]) was added to tracted in guanidinium-thiocyanate according to standard methods. the cultured supernatants, which were then precipitated with 50% Poly(A) ϩ RNA was purified using oligo-dT chromatography. RNA ammonium sulfate. The pellet was resuspended in PBS and fraction-(5 g) was electrophoretically separated, blotted onto Genescreen ated on a Pharmacia Hiload Superdex 16/60 gel filtration column. nylon membrane, probed overnight at 42ЊC, and washed at a strinlynx1-containing fractions were detected by Western blotting or dot gency of 0.5ϫ SSC, 0.1% SDS at 65ЊC. The probe was made by blotting assays using anti-HA antibody (Boehringer-Mannheim). random primed labeling of the lynx1-3 ORF.
Xenopus Oocytes and cRNA Preparation and Injection In Situ Hybridization
Xenopus oocytes were collected and incubated in 2 mg/ml collagenIn situ hybridization analyses were conducted on 10 m fresh frozen ase (Type I, Sigma) in ND96 (Specialty Media) for 3-4 hr at room sections of adult mouse brain. GC26-1, the lynx1 3Ј UTR, was used temperature. Oocytes were then washed four times with Barth's for these experiments. In the radioactive method, one million counts medium, transferred to L-15 medium, and allowed to recover at of 35 S-labeled riboprobe were applied to each section and washed 18ЊC overnight before cRNA injection. Oocytes were maintained in to a stringency of 0.1ϫ SSPE at 65ЊC. The slides were exposed L-15 at 18ЊC after cRNA injection, and experiments were performed and developed under standard conditions and counterstained with between 1 and 7 days after injection. cDNAs encoding chicken cresyl violet. In the colorimetric method, digoxigenin-(Dig-) labeled nAChR subunits ␣4 and ␤2 in the PGH19 oocyte expression vector riboprobe was transcribed using 0.5 m Dig-UTP (Boehringerwere linearized and used as templates for run-off transcription using Mannheim) in the transcription reaction. Sections were incubated the T7 promoter. Oocytes were injected with 20 nl of cRNA at a final at 65ЊC overnight in hybridization buffer (50% formamide, 300 mM concentration of ‫50.0ف‬ ng/l. ␣4 and ␤2 cRNAs were injected at a NaCl, 50 mM Tris, 1 mM EDTA, 1% Denhardt's reagent, 10% dextran ratio of 1:1. sulfate, and 0.1 mg/ml yeast tRNA [pH 8.0]) and washed to a final stringency of 0.2ϫ SSC at 65ЊC. Riboprobe was detected with antiElectrophysiological Recording, Data Acquisition, and Analysis Dig Fab fragments conjugated to AP and NBT/BCIP/levamisole subMacroscopic currents were recorded with a GeneClamp 500 amplistrate mixture.
fier (Axon Instruments) using a two-electrode voltage clamp with active ground configuration. Electrode resistances ranged between 0.5 and 5 M⍀ and were filled with 3 M KCl. Membrane potential Immunocytochemistry Peptide antibodies were generated from the peptide sequence was clamped to Ϫ70 mV; only oocytes with leak currents of Ͻ100 nA were used. The extracellular recording solution included (in mM): TTRTYFTPYRMKVRKS. Antisera were screened by Western blots of bacterially expressed lynx1 fusion protein and on mouse cerebellar 82.5 NaCl, 2 KCl, 1 CaCl 2 , 1 MgCl 2 , and 10 HEPES (pH 7.5) (all reagents from Sigma). Uninjected and mock-injected oocytes did extracts. Briefly, a portion of the lynx1 cDNA, corresponding only to the mature polypeptide, was cloned in frame to six histidines not respond to ACh, rendering the inclusion of atropine in the extracellular perfusion solution unnecessary. ACh (RBI) was prepared in using the pet14b bacterial expression vector (Pet264). Transformed cells were induced, and protein was purified using Ni resin (Qiagen) extracellular solution at concentrations of 10 M to 1 mM. Oocytes were perfused at ‫5ف‬ ml/min and were exposed to sequential, 20 s and eluted. Adult mouse brains were perfused with 4% paraformaldehyde/PBS, sunk in 30% sucrose/PBS, and sectioned at 20 m applications of agonist with 5 min intertrial intervals. 
